Enigmatic dunitic veins and veinlets crosscutting a podiform chromitite ore body discovered in Wadi Rajmi, northern Oman ophiolite, display a peculiar characteristic of being almost or completely spinel -free. Olivines show an evolution trend from the spinel -free dunites (Fo 93−94 and 0.4 wt% NiO) to the spinel -bearing dunites (Fo 91−93 and 0.2 -0.3 wt% NiO). The Cr/(Cr + Al) of chromian spinel grains increases from 0.6 to 0.8, accompanied by a slight increase in Fe 3+ ratio, and the Fo content of olivine decreases in the spinel -bearing dunites. A high -Mg magma, initially undersaturated with chromian spinel, precipitated the spinel -free dunites. Once the spinel saturation of the melt was attained by fractionation, the spinel -bearing dunites precipitated. The initial magma was possibly komatiitic in nature, which was produced at an early stage of detachment of the oceanic lithosphere that formed the Oman ophiolite.
INTRODUCTION
Although counting as one of the most important keys to apprehend the Earth's evolution, the processes of melt migration in the upper mantle have not been thoroughly understood. The investigation of ophiolitic mantle sections offers an unrivaled opportunity to spatially and chemically identify the melts en route to the surface. At present, dunite bodies within ophiolitic mantles are broadly considered as important tracers of melt -channeling systems within the upper mantle (e.g., Nicolas, 1986 Nicolas, , 1990 Spiegelman and Kenyon, 1992; Hart, 1993; Kelemen et al., 1995 Kelemen et al., , 1997 Suhr et al., 2003) . Their variable configurations, caused by complex multi -stage formation mechanisms, can provide a clue for understanding how primitive melts are extracted from the upper mantle and which processes prevail in their modification and routing toward shallowest levels (e.g., Quick, 1981; Nicolas and Prinzhofer, 1983) . Moreover, these entities are particularly important for the reconstitution of the earliest stages of magmatic evolutions that cannot be observed in extruded magmas.
Ordinary dunites are known to contain a low volume percentage of chromian spinel (up to 2 vol%) (e.g., Kubo, 2002) . However, we found peculiar dunitic veins, lacking chromian spinel, that crosscut a podiform chromitite and its adjacent peridotitic envelopes in Wadi Rajmi, northern Oman ophiolite. The goal of our study is to discuss the genesis of the spinel -free and spinel -bearing dunites outcropping within the mantle section of the Oman ophiolite, with a special emphasis on the characteristics of the involved melt. This topic may be related to the subject of Cr solubility in basaltic melts (e.g., Roeder and Reynolds, 1991) , which remains controversial although the occurrence and chemical variability of the chromian spinel have been discussed for different environments.
GEOLOGICAL BACKGROUND
The Oman ophiolite consists of an arcuate mountain chain extending in a NW -SE direction and outcropping along the southern coast of the Gulf of Oman, covering an area of more than 500 km in length and 50 to 100 km in width (Perrin et al., 1994) . This fundamentally homogeneous nappe, set on the autochthonous carbonate platform of the Arabic passive margin at the end of the Cretaceous, is one of the largest and most complete masses of mafic and ultramafic rocks in the world and witnesses the closure of the former Tethys Ocean. Dismembered during the final obduction episode, the Oman ophiolite contains a dozen Mesozoic tectonic segments (Lippard et al., 1986) composed of a residual harzburgitic mantle section that has a thickness of 8 -12 km (Boudier and Coleman, 1981) and an overlying mafic crustal section that has a thickness of 4 -9 km (Pallister and Hopson, 1981) . These tectonic segments were possibly generated at an intermediate -to fastspreading oceanic center (e.g., Cannat, 1996; Nicolas et al., 2000) . Monogenic and polygenic evolutions have been proposed for the Oman ophiolite. The former concept favors an origin from an arc basin system (e.g., Pearce et al., 1981) whereas the latter suggests a multistage generation in a mid -ocean ridge context, followed by an arc setting (e.g., Ishikawa et al., 2002; Arai et al., 2006) .
STUDY AREA
The Wadi Rajmi area of the northern Oman ophiolite is well known for its abundant chromitite pods (e.g., Augé, 1987; Rollinson, 2008) . In this study, we examined dunites from a single chromitite pod (50 m in length and 30 m in width) found about 2 km below the Moho transition zone, at N24°36′32ʺ and E56°14′01ʺ. This pod is subconcordant to concordant to the enclosing harzburgite foliation and is crosscut by a network of dunite veins and veinlets with widths ranging from a few millimeters to two meters ( Figs. 1 and 2 ). Many dunitic veins are discordant, crosscutting both foliation and chromitite layering and strings, obliquely to sub -vertically. The sampling was done in a manner to include the central massive to disseminated chromitite, its dunitic envelope, the wall rock harzburgite and the discordant dunitic veins of both spinel -free and spinel -bearing types ( Figs. 1 and 2 ). Although we attempted to follow the discordant dunitic veins extending away from the pod, the weaker lithological contrast with the surrounding peridotites as well as the coverage of debris and dust resulting from mining hampered our efforts. This paper is based on macroscopic and microscopic observations of 40 samples collected from veins differing in type and width, in addition to the microprobe analysis of 15 representative thin sections. For the relevancy of the results discussed herein, only dunite veins with thickness- es greater than 50 cm have been considered, because those having a thickness less than 10 cm may have been seriously modified through Mg -Fe 2+ subsolidus exchange reactions between the olivine crystals and the surrounding chromitite (Ozawa, 1998) . The data presented in the table and figures are those obtained from olivines and chromian spinels occurring at the center part of the thick veins. Each analysis corresponds to one point within one mineral grain.
PETROGRAPHY OF DUNITES
The replacive dunite enveloping the chromitite pod exhibits a cumulate texture where chromian spinel shows ordinary modal proportions (1 -2 vol% on average). The chromian spinel is often lobate and commonly contains hydrous (Mg -hornblende, pargasite and Na -phlogopite) and anhydrous (olivine, diopside and enstatite) silicate inclusions, which are rounded to subhedral in shape and less than 100 µm across. The amount of sparse interstitial orthopyroxenes increases gradually toward the boundaries with the harzburgitic wall rock. Both olivines and orthpoyroxenes show evidence of plastic deformation, i.e., kink bands and undulatory extinction. The dunitic veins show a pure olivine adcumulate texture (from which the chromian spinel is totally absent) and either an olivinespinel adcumulate texture (with the lowest modal chromian spinels) or an olivine -spinel cumulate texture (with less than 1 vol% of chromian spinel) (Figs. 3a and 3b) . No other intercumulate phases, such as pyroxenes or amphiboles, are detected in thin sections with the exception of sparse sulfide grains in some samples. When chromian spinel grains are present in some veins, they are free of mineral inclusions (in contrast to those of the dunitic envelope) and display euhedral, subhedral, lobate and poikilitic habits (Figs. 3c -3f) seemingly related to the forsterite content of the coexisting olivines (see the descriptions below). The modal content of chromian spinel does not appear to be related to the thickness of the dunite veins.
The olivines contain thin lamellae of chromian spinel less than a few microns in thickness. These lamellae are of two types, needle -like and platy (Figs. 4a and 4b) . The former type is more common in olivines from the spinel -free dunites, whereas the latter type occurs mainly in olivines from the spinel -bearing dunites. Unfortunately, these lamellae could not be properly analyzed due to their fine sizes.
MINERAL CHEMISTRY OF DUNITES AND ASSOCIATED ROCKS
Major -element compositions of minerals were determined with a wavelength dispersive microprobe (JEOL JXA -8800R) of Kanazawa University and calibrated by using both natural and synthetic mineral standards. The operating conditions were as follows: an accelerating voltage of 20 kV, a beam current of 20 nA and a beam diameter of 3 μm. A JEOL software using a ZAF program was used for correcting the data. The total Fe content of silicates was assumed to be ferrous. ), respectively. Chromian spinels from the dunite veins display high Cr#, ranging from 0.6 to 0.8 (Fig. 5a ). In four typical dunite veins examined as a whole, the Mg# of these chromian spinels varies from 0.4 to 0.7 and shows a negative correlation with Cr#, Y Fe and MnO (Figs. 5a -5c). In individual dunite veins, however, Cr# and Y Fe are almost constant or decrease slightly with an increase in Mg# (Figs. 5a and 5c). The TiO 2 content of the chromian spinels remains nearly constant, although this value is slightly higher in the vein 4, in comparison to the other three (Fig.  5d) . Olivines in the dunites show a chemical homogeneity at an intragrain scale and display quite similar averages of Fo content within each vein. These values are higher than 94 (up to 96) only at the contact with the podiform chromitite, regardless of the vein thickness. Consequently, only olivines from the central part of the veins will be described here. They exhibit MnO, CaO and Cr 2 O 3 contents of 0.06 to 0.18 wt%, ≤0.06 wt% and ≤0.16 wt%, respectively. Their NiO content varies from 0.20 to 0.47 wt%, with an average range of 0.40 to 0.47 wt% for the spinelfree dunites and from 0.24 to 0.35 wt% for the spinelbearing dunites. The Fo content correlates negatively with CaO and MnO and positively with NiO in olivines (Figs. 6a -6c), and the high -Fo end of the trend plots within the "mantle olivine array", which is representative of the residual mantle olivines (Takahashi, 1986) . The spinel -free dunites occupy the highest -Fo portion of the plot showing the variation trend of the olivines (Fig. 6) , and the olivine Fo content roughly shows a negative correlation with Cr# of chromian spinel in the spinel -bearing dunites (Fig. 6d) . The average Fo content of olivines tends to be higher in thinner veins, ranging from 93 to 94 in the veins with a thickness of less than 1 m, and from 91 to 94 in veins with a thickness of up to 1 m. The olivine chemical trends of the dunites are coincident with the "mantle olivine array" at the high -Fo ends (Figs. 6b and 6c ).
The euhedral to subhedral chromian spinel grains (Figs. 3c and 3d) typically occur in the veins where the Fo content of olivine is from 91 to less than 92. Minor poikilitic and/or lobate grains are occasionally present. In the veins containing more magnesian olivines (Fo 91−93 ), the chromian spinels are dominantly lobate and poikilitic, partially or totally enclosing smaller olivine grains (Figs. 3e and 3f), and occasionally coexisting with minor euhedral to subhedral grains. Finally, the highly magnesian dunite veins, with Fo ≥ 93 olivines, are either totally free of chromian spinel or contain very rare and sparse euhedral to subhedral and/or lobate grains (Fig. 7) . Chromian spinels in the dunite envelope display con- 
DISCUSSION
To constrain the formation of the peculiar spinel -free and spinel -bearing dunites, two possibilities have been envisioned: (1) only the precipitation of olivines from a primary melt oversaturated in olivine components and undersaturated in chromian spinel ones, and (2) the mechanical separation of the chromian spinel from a cumulus mixture of olivines and chromian spinels leading to the sole precipitation of olivines from the involved melt.
In the first case, a change in P -T conditions, ƒ O 2 , or melt composition can shift a melt positioned on the olivinespinel cotectic boundary to the primary field of olivine where olivine precipitates solely (e.g., Irvine, 1977; Arai and Abe, 1995). In the second case, the segregated chromian spinel fractions should have been added to the surrounding chromitite, creating pure olivine rocks. However, no evidence has been found to support the increase of chromian spinel content along the chromitite wall. The first hypothesis appears more plausible and will be discussed in greater detail.
Effects of subsolidus reequilibrations on chromian spinel and olivine compositions
The highly magnesian character of the examined dunites is partly ascribed to subsolidus reequilibrations (e.g., Evans and Frost, 1975) , as evidenced by the Fo ≥ 94 olivines found only near the adjacent chromitite. However, if we consider the absence of trapped intercumulus phases likely to enhance significantly greater the Mg -Fe 2+ postcumulus or supersolidus exchanges between olivine and chromian spinel, the effects of secondary processes appear to be somewhat minimized in the vein centers thus favoring the retention of the original Mg -rich magmatic character of olivines. This holds particularly true for our veins (≥50 cm in thickness) where the elements are not expected to have migrated over a few centimeters in scale (6 to 10 cm) from the dunite -chromitite contact (Ozawa, 1998) .
The negative correlation between MnO and Mg# of chromian spinels, observed both within individual veins and as a whole (Fig. 5b) , is also partly the result of Mn redistribution with olivines. However, the near constancy of Y Fe , Cr#, and TiO 2 content of chromian spinels in each vein is hardly consecutive to subsolidus exchanges. Indeed, trivalent cations are known to be unaffected by secondary processes indicating, as such, the primary igneous values (e.g., Roeder and Campbell, 1985; Barnes, 1998) . The wide dispersions in Mg# for the nearly constant Y Fe , Cr# and TiO 2 content, observed for each vein (Figs. 5a, 5c and 5d), are likely governed by very local heterogeneities in the spinel -olivine ratio (e.g., Arai, 1980 Arai, , 1997 ; the lowest Mg# values being the result of the local predominance of modal olivine over chromian spinel and vice versa.
Fractional crystallization as a mechanism for the formation of dunite veins
The variations in the Fo content of olivines (Fig. 6) support the evolution from monomineralic olivine adcumulates to olivine -spinel adcumulates or cumulates via fractional crystallization. This is consistent with the negative correlation between CaO and MnO against the Fo content of olivines and the positive correlation between NiO and Fo contents, from the spinel -free to the spinel -bearing dunites (Figs. 6a -6c ). The olivine NiO -Fo and MnO -Fo trends of the dunites can be explained by the fractionation of olivine (e.g., Sato, 1977; Takahashi, 1986) . It is noteworthy that the olivine chemical trends of the dunites are coincident with the "mantle olivine array" at the high -Fo ends (Figs. 6b and 6c) , suggesting that the melt precipitating the spinel -free dunites was in equilibrium with a highly refractory residual peridotite containing Fo 93−94 olivines (Figs. 6b and 6c) . After extraction of the spinel -undersaturated melt that precipitated the spinel -free dunites, the residual peridotite was possibly a dunite free of residual chromian spinels (e.g., Arai, 1994) .
Olivine adcumulates formation possibly started below the Cr -saturation surface from a primary Cr -undersaturated melt where the solubility of chromium was favored by the availability of high octahedral site preference energies under high temperatures (e.g., Roeder and Reynolds, 1991) . As the system cooled down, the fractionation of olivines from Fo ≥ 93 to Fo ≥ 91 drove the melt composition toward the olivine -spinel cotectic boundary, i.e., the Cr -saturation interface of the considered system. The enhancement of Cr content in the involved melt is suggested by the abundance of the chromian spinel lamellae in the olivines (Fig. 4) . These lamellae, being a subsolidus exsolution product during cooling (e.g., Arai, 1978) , tend to be less abundant in the spinel -free dunites than in the spinel -bearing dunites. This finding indicates the possibility of a progressive increase in the Cr content of the involved melt during fractional crystallization of the spinelfree dunites, followed by that of the spinel -bearing dunites.
In the spinel -bearing dunites, Cr# of chromian spinels varies from 0.6 to 0.8 with a decrease in Fo content of the associated olivines, although the correlation is not strong (Fig. 6d) . This indicates that Cr# of chromian spinels increased with the progress of fractional crystallization. This increase in Cr#, coupled with an increase in Y Fe from 0.05 to 0.1 (Figs. 5a and 5c) , may indicate an increasingly stable crystallization of high -Cr# spinels with an increase in Fe 3+ content of the fractionating melt. This is consistent with the slightly high Ti content in high -Cr# spinels (Figs. 5a and 5d ). Such chemical trends have been observed in komatiitic dunite bodies, for which the possibility of a peculiar intrinsic redox state of the melt has been advocated (Barnes, 1998) .
Characterization of the melt involved in dunite formation
Some high -Mg melts are believed to account for the genesis of the dunite veins, whether spinel -free or spinelbearing. The involvement of a komatiitic melt is suggest-ed by the inherent features of the dunites in our study, particularly: (1) the paucity or total absence of chromian spinels, (2) the high Fo content of olivines (≥93) from the earliest formed spinel -free dunites, (3) the high Cr# (0.6 -0.8) of chromian spinels in the more evolved spinel -bearing dunites, (4) the high NiO content of olivines (0.20 -0.47 wt%), and (5) the variety of observed textures in the veins, including pure olivine adcumulates and olivinespinel adcumulates or cumulates. Indeed, the petrographical and mineral chemical characteristics of our dunites samples appear to be in good agreement with those described from numerous komatiitic cumulate bodies (e.g., Barnes and Hill, 1995; Barnes, 1998) . For example, data obtained on komatiites from the Western Australian Agnew -Wiluna greenstone belt concur quite well with our results (Fig. 7) . The cumulate Fo 93−95 olivines in these komatiites do not occur with chromian spinels, whereas chromian spinels coexist with Fo 91−93 and Fo 87−91 olivines with mainly lobate and poikilitic habits in the former, and euhedral in the latter (Barnes, 1998) . In addition, the presence of poikilitic chromian spinel is widely considered to be a feature exclusive to primitive komatiitic lavas.
Although boninitic, picritic, and meimechitic melts are also known to precipitate Mg -rich olivines, they are saturated in chromian spinels (e.g., Walker and Cameron, 1983; Arndt et al., 1995; Krishnamurthy et al., 2000) and are thus incapable of generating spinel -free dunites. Olivines of the studied dunite veins are characterized by extremely low TiO 2 (almost nil) and Al 2 O 3 (around 0.05 wt%) contents (Table 1) , although our microprobe analyses could not determine their precise values. On the basis of the discrimination diagram of Hanski et al. (2001) , a picritic origin is precluded since picrite olivines are characterized by higher TiO 2 and Al 2 O 3 contents. A meimechitic origin is also unlikely, even with Cr 2 O 3 content of olivines closer to that measured in our dunite samples, because the olivine TiO 2 content in this type of melt is also remarkably high, reflecting the primary high -Ti character of the magma (e.g., Sobolev et al., 2009) . Although boninites share appreciable chemical resemblances with our dunites (Hanski et al., 2001) , their involvement is significantly weakened by the spinel -free character of some of our dunites. Murck and Campbell (1986) and Barnes (1998) hypothesized that the deficiency in chromian spinel for high -Mg pure olivine adcumulate rocks resulted from Cr -undersaturated melts in equilibrium with Fo 93 ol- ivines, at QFM buffer conditions, and situated above the composition limit of 18% MgO separating the field of boninites from that of komatiites (e.g., Arndt et al., 2008) . Under these conditions, such a primitive melt of a komatiitic affinity can produce our spinel -free dunites where olivines also showed Fo 93−94 in chemistry.
Mineral chemical discrepancy between dunite veins and komatiites olivines
The Cr 2 O 3 and CaO contents of komatiite olivines are known to range from 0.15 to 0.5 wt% and from 0.2 to 0.35 wt%, respectively (e.g., Arndt et al., 2008) , which is higher than those observed in our dunite olivines exhibiting Cr 2 O 3 ≤ 0.16 wt% and CaO ≤ 0.06 wt%. Although the discrepancy for Cr 2 O 3 contents can be attributed to the exsolution of lamellar chromian spinels upon cooling (e.g., Arai, 1978) , which consumed a part of the Cr and Al initially incorporated in olivines, thereby lowering their initial Cr 2 O 3 and Al 2 O 3 contents, the difference in CaO contents of olivines is, however, more difficult to decipher. Although the basal peridotitic cumulates of komatiitic flows provide a more suitable material for comparison with our dunitic occurrences, the relevancy of such a comparison is disputable since the formation condition of each rock type differs considerably, whether in the Oman ophiolitic upper mantle section or at supra -crustal levels within cratons or greenstone belts. Nevertheless, the diffusivity of Ca in olivine, recognized recently as a potential "speedometer" helping to evaluate the cooling and heating histories of natural rocks (e.g., Köhler and Brey, 1990) , supports the concept that the ubiquitous chemical zoning of typical komatiite olivines involves a rapid cooling regime, whereas the homogeneity of olivines in our dunites is clearly the result of a slower cooling environment, probably consecutive to the very low or nonexistent thermal contrast between the migrating melt fractions and the surrounding upper mantle.
SUMMARY AND CONCLUSIONS
1. A series of dunite veins, from spinel -free to spinelbearing ones, were found cutting a chromitite pod from Wadi Rajmi, northern Oman ophiolite. The strong lithological contrast and the sharp contact between the examined dunite veins and the chromitite ore body allowed better observations than within the harzburgitic wall rock. Thick veins (≥50 cm in thickness) were selected and tre ated in order to minimize the effect of Mg -Fe 2+ subsolidus exchanges induced on the chemistry of olivine by the adjacent chromitite. 2. The average olivine composition varies from Fo 93−94 to Fo 91−93 in the spinel -free and spinel -bearing dunites, respectively. The Fo content varies positively with the NiO content (0.2 -0.47 wt%) and negatively with the CaO (0.06 -0.01 wt%) and the MnO (0.2 -0.1 wt%) contents. Combined with petrography, these dunites likely resulted from multiple injections of high -Mg melt fractions, thus representing varied fractionation degrees from an initially olivine -oversaturated and spinel -undersaturated melt, to a nearly cotectic olivine -spinel composition. The fractional crystallization process increased Cr# of chromian spinels (from 0.6 to 0.8), coupled with an increase in Y Fe (from 0.05 to 0.1). 3. All the lines of evidence point out the involvement of a komatiitic melt for the genesis of our dunites. Boninites and other high -Mg magmas, which are saturated with chromian spinel components, were hardly capable of producing the spinel -free dunites. The required conditions for the komatiite genesis were possibly achieved within the upper mantle of the Oman ophiolite at a very early stage of detachment of the oceanic lithosphere. A higher degree of partial melting than that required for boninitic magma genesis (Ishikawa et al., 2002) was probably conducted at a higher temperature regime in the upper mantle (e.g., Grove and Parman, 2004) . As for the protolithic mantle source, it was likely a highly refractory residual peridotite with Fo 93−94 olivines, resulting in a dunite free of residual chromian spinels after partial melting.
